Objective: As an important regulator of embryonic morphogenesis, homeodomain-containing gene 10 (HOXC10) has been found to promote progression of human cancers and its expression indicates poor survival outcome. However, very few studies are available on the role of HOXC10 in gastric carcinoma. Therefore, the aim of this study was to determine the role of HOXC10 in gastric cancer and the potential mechanism underlying its function for cancer biology.
second leading cause of cancer-related deaths after lung cancer until now (2). Therefore, there is an urgent need to identify novel prognostic and predictive biomarkers to improve the diagnosis and clinical management of patients with gastric cancer, which in turn may help to develop more effective treatment strategies.
In humans, 39 homeobox (HOX) genes are present, and organized into four different genomic clusters (HOX A-D) located on four chromosomes (7, 17, 12 and 2) (3) . HOX genes are highly conserved at the genomic level and have been well-described as important players in regulating numerous processes including apoptosis, receptor signaling, differentiation, motility, angiogenesis, and metastasis (4, 5) . Aberrations in HOX gene expression have been reported in numerous malignancies, including ovarian cancer, esophageal squamous cell carcinoma, breast cancer, lung cancer, colorectal cancer, and hematological malignancies, and have been associated with significantly enhanced invasiveness, proliferation, and colony formation of tumor cells (6) (7) (8) (9) (10) (11) (12) . In gastric cancer, previous data showed that approximately 20-25 HOX genes are expressed at least two-fold higher than in normal tissues (13) , especially homeobox gene HOXB5 whose up-regulation induces invasion and migration through direct transcription and up-regulation of β-catenin in human gastric carcinoma (14) . These results indicate that HOX genes can be considered as new targets for future tumor therapies.
HOXC10 is a member of the HOX gene family and significantly enhances proliferation, invasion, and metastasis of cancer cells, thus it might be useful as a marker for cancer diagnosis or progression. In cervical squamous cell carcinomas, elevated HOXC10 expression is associated with increased invasiveness as identified by using high-density oligonucleotide microarrays (15). In the Cancer Genome Atlas (TCGA) datasets, HOXC10 expression is significantly increased in human thyroid cancer tissues compared to normal human thyroid tissues. Furthermore, HOXC10 promotes migration and invasion of thyroid cancer cells, suggesting a role as a novel biomarker for human thyroid cancer prognosis (16) , and promotes the metastasis of human lung adenocarcinoma and indicates poor survival outcome (17) . However, the role of HOXC10 in breast cancer remains controversial (18) (19) (20) . Remarkably, the latest research about the function of miR-136 in the gastric cancer cell line GC-9811 shows that HOXC10 can work as a direct target of miR-136, which inhibits gastric cancer-specific peritoneal metastasis. This indicates that HOXC10 functions as a metastasis promoter in gastric cancer peritoneal metastasis (21) . However, there is no definite data to confirm the role of HOXC10 in the carcinogenesis and progression of gastric cancer.
In the present study, we discovered that HOXC10 expression was significantly increased in human gastric cancer tissues compared with normal tissues. In addition, HOXC10 could significantly promote the tumorigenicity of gastric cancer cells in vivo. Furthermore, HOXC10 knockdown or over-expression further confirmed that HOXC10 was required for proliferation, migration, and invasion of gastric cancer cells. With regard to its mechanism of action, our study showed that HOXC10 exerted its action on cancer through the mitogen-activated protein kinase (MAPK) pathway. Thus, HOXC10 might be considered as a potential target in the treatment of gastric cancer and as a marker in the prognosis of gastric cancer.
Materials and methods

Tissue samples and cell cultures
The biospecimens used in this study were provided by the Peking University Shenzhen Hospital. Gastric tissue from gastric cancer patients was divided into cancer tissue and adjacent normal tissue. Human gastric cancer cell lines AGS and SNU638 were purchased from American Type Culture Collection (ATCC) and were cultured in RPMI 1640 medium (Lonza, Walkersville, MD, USA) or Dulbecco's modified Eagle's medium (DMEM) (Lonza) supplemented with 10% (V/V) heat-inactivated fetal bovine serum (FBS) (Gibco-BRL) and 1% penicillin/streptomycin (Gibco-BRL). Cells were incubated at 37 °C in a 5% CO 2 humidified atmosphere.
Animal experiments
A total of 20 eight-week-old male BALB/c nude mice weighing 18-20 g were purchased from the Department of Laboratory Animal Science, Peking University and, the protocols used in this study were approved by the Animal Care and Use Committee of Peking University (No. LA 2010-066). Plasmid pcDNA3-HOXC10 and control vector pcDNA3 were separately transfected into AGS cells to establish stable HOXC10-overexpressing cells (pcDNA3-HOXC10) and control cells (pcDNA3). Mice were anesthetized with isoflurane, the area on the midside of the abdomen was sterilized and the stomach was exposed via laparoscopy. A density of (5×10 6 ) cells per cell line (pcDNA3-HOXC10 or pcDNA3 control cells) were suspended in 50 μL of Hank's balanced salt solution and placed into a sterile 31-gauge needle. The gauge tip was introduced 1.5 mm into the lesser curvature side of the gastric low body with an approximate 10° angle and the cell suspension was slowly injected (the procedure was performed under a binocular lens). Afterward, slight pressure was applied at 5 mm from the injection point using a gauze. The syringe needle was removed and the area around the injection was cleaned with 70% ethanol to avoid seeding of unlikely refluxed tumor cells into the abdominal cavity. After injection, the stomach was placed back into the abdominal cavity and the abdomen was closed with surgical drapes. Animals were sacrificed 5 weeks after surgery, and stomachs were examined. Tumors were measured at the indicated time points using calipers, and tumor volumes were calculated using the following formula: 1/2×length×width 2 .
Histology and immunohistochemical staining
Paraffin-embedded human gastric sections (4 μm thickness) were prepared via routine procedure (22) . Immunohistochemical staining was performed using anti-HOXC10 polyclonal antibody (1:200, Santa Cruz Biotechnology, USA). After incubation with primary antibody at 4 °C overnight, slides were stained with horseradish peroxidase conjugated secondary antibody (DAKO, Denmark). Nonimmune normal IgG was used to replace the primary antibody as a negative control. Slides were viewed under a Leica TCS SP8 confocal microscope.
Protein arrays and western blotting analysis
Detection of 46 phosphoproteins was performed on Proteome Profiler Human Phospho-Kinase Array Kit membranes (R&D Systems, Minneapolis, MN, USA) according to manufacturer's instructions. Whole-cell lysates were obtained using RIPA buffer containing protease inhibitor and phosphatase inhibitor (GenDEPOT). Protein concentration was measured using a BCA Protein Assay Kit (Pierce). Western blotting was performed using 10 μg/lane of total protein and specific proteins were detected using the primary antibodies listed below, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. Horseradish peroxidase-conjugated secondary antibodies were purchased from Jackson ImmunoResearch (West Grove, PA, USA). Signals were detected using West Pico or West Femto reagents (Pierce, Waltham, MA, USA) and a FujiFilm LAS-3000 imager (Tokyo, Japan). Band quantification was performed using Image-J software from raw image files according to manufacturer's instructions. The following antibodies were used: anti-JNK, anti-p-JNK, anti-P38, anti-p-P38, anti-ERK, anti-p-ERK, anti-cMyc, anti-β-catenin, and anti-P53 from Cell Signaling Technology, anti-GAPDH, anti-RAC1, and anti-c-Jun from Santa Cruz Biotechnology, and anti-HOXC10 from Proteintech for western blotting.
Transfection assay
To generate the plasmid containing the HOXC10 gene, a 1.29 kb polymerase chain reaction (PCR) fragment containing full-length HOXC10 was amplified from cDNA (gift from Professor Han Jiahuai's Lab) using the following primers; forward 5'-ATCGAATTCATGACATGCCC TCGCAATGT-3' and reverse 5'-ATCCTCGAGTC AGGTGAAATTAAAATTGG-3' (with the additionally introduced restriction sites of EcoRI and XhoI underlined). A pcDNA3-HOXC10 plasmid was constructed by cloning the PCR fragment into the pcDNA3 at EcoRI and XhoI sites. Transfection was performed using LipofectamineTM 3000 (Invitrogen) in AGS cell of 80% concentration growth according to the manufacturer's instructions. At 48 h after transfection, 5 μg/mL blasticidin (Sigma) was added, and live cells were selected as stable transfected cells. To knockdown HOXC10 expression, siRNA against HOXC10 (santa cruz, sc-44810) and negative control siRNA (SN-1003) 60 nmol/L were transiently transfected using RNAiMAX (Invitrogen) according to the manufacturer's protocol. HOXC10 up-and down-regulations were assessed via reverse transcription PCR (RT-PCR) and western blotting.
Cell proliferation assay
A total of 3,000 cells per well were plated in 96-well plates in triplicate and 3,(4,5-dimethylthizol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed following manufacturer's instructions. In short, 10 μL of 10 mg/mL MTT solution was added to each well and incubated for 2 h at 37 °C. Optical density (OD) was measured using a microplate reader at a 490-nm wavelength.
Migration and invasion assays
Cell migration was measured using Culture-Inserts (Ibidi, Regensburg, Germany). The Culture-Inserts were transferred into 6-well culture plates and cells were seeded at a density of 5×10 4 cell/100 μL in each well of CultureInserts.
After 24 h incubation, the Culture-Inserts were removed, and cell-free gaps were created. Images of the closed gaps were captured at the indicated incubation time. Cell invasion assays were conducted using transwell filters chambers that were coated with 1% gelatin in culture media overnight and dried at room temperature.
Cells were seeded at 2×10 5 cells in 150 μL medium without bovine serum albumin (BSA) on the upper chamber. Then, 500 μL medium with 5% BSA was loaded into the lower chamber. After 24 h of incubation, cells that had invaded the bottom surface of the transwell were fixed with 4% paraformaldehyde (PFA), stained with Diff Quik solution (Sysmex), and counted in five selected fields. Both assays were performed as perviously reported (14, 23) .
Statistical analysis
All statistical analyses were performed using IBM SPSS Statistics (Version 20.0; IBM Corp., New York, USA). Statistical significance was assessed via Student's t-test or Mann-Whitney U test, as appropriate. The significant difference between multiple groups was determined using 2-way analysis of variance (ANOVA). P-values below 0.05 were considered statistically significant.
Results
HOXC10 is increased in gastric cancer tissues
To explore the role of HOXC10 in gastric cancer, we examined HOXC10 expression in 10 pairs of gastric cancer tissues and their adjacent non-tumor tissues using RT-PCR. HOXC10 mRNA was detected in all cancer tissues and in four (40%) of the 10 noncancerous tissues. In six (60%) of the 10 samples, HOXC10 mRNA expression was significantly higher in the cancerous tissue than in the noncancerous tissue and the difference was statistically significant (P<0.05, Figure 1A) .
To further confirm this result, HOXC10 expression was analyzed via immunohistochemistry in primary gastric carcinoma specimens, cancer-adjacent normal gastric tissues, and gastric adenocarcinoma lymph node metastatic tissues. HOXC10 was mainly localized into the nucleus of the gastric lesions, with different staining intensities observed in different stages of gastric cancer ( Figure 1B ).
Higher HOXC10 levels were expressed in gastric cancer compared to normal gastric mucosa.
HOXC10 promotes primary gastric tumor growth and cell proliferation
AGS cells transfected with the plasmid containing HOXC10 (pcDNA3-HOXC10) showed a significant HOXC10 mRNA increase (10-fold) compared to control cells transfected with empty vector (pcDNA3) (P<0.001, Figure 2A) . Western blotting showed the same protein expression level tendency ( Figure 2C ). This result indicated a successful transfection. In a separated experiment, HOXC10 mRNA expression in SNU638 cells was inhibited by specific siRNA against HOXC10. HOXC10 mRNA expression was significantly down-regulated in the siRNA-treated cells, compared to parental and control cells, at 48 h after transfection (P<0.001, Figure 2B ). Protein levels were also assessed via western blotting ( Figure 2D) . Furthermore, we evaluated whether HOXC10 could promote primary gastric tumor growth in vivo. BALB/c nude mice underwent surgery according to the described methods ( Figure 3A) . Our results show that HOXC10 substantially increased primary tumor growth, as compared to control tumors ( Figure 3B ). Primary tumor weight was approximately 53% higher in mice overexpressing HOXC10, as compared to control mice (P<0.05, Figure 3C ).
Moreover, cell viability results demonstrated that AGS cells transfected with pCDNA3-HOXC10 showed a significant increase in cell viability compared to the control (P<0.01, Figure 3D ). In contrast, SNU638 cells transfected with siHOXC10 exhibited decreased cell viability; however, this effect was not significant. A likely reason is that the effect of siRNA cannot be maintained. Figure 4A , C). In contrast to untreated or scrambled siRNA control transfected SNU638 cells, HOXC10 knockdown significantly decreased the migration and invasion of SNU638 cells (P<0.0001, Figure 4B, D) . These results demonstrate that HOXC10 promoted migration and invasion of gastric cancer cells.
HOXC10 induces gastric cancer cell line invasion and migration
HOXC10 ectopic expression in AGS cells markedly enhanced cellular migration and invasion compared to untreated or empty vector transfected cells (P<0.001,
HOXC10 is associated with transcriptional activity of the MAPK pathway
Currently, the role of HOXC10-induced signaling pathways and HOXC10-associated kinases is not well understood in gastric cancer. Thus, the phosphorkinase array assay was performed. In Figure 5A , the phosphorylation of extracellular signal-regulated kinase (ERK)1/2, P38a, c-Jun N-terminal kinase (JNK)1/2/3, protein kinase B (AKT), and staphylococcal leucocidin (LUK) were increased in 100 ng protein lysis of AGS cells transfected with HOXC10 after 24 h of incubation, while the expression of β-catenin barely changed.
We further evaluated the phosphorylation of P38, JNK, and ERK1/2 in response to HOXC10 silencing or overexpression. Western blotting showed that HOXC10 significantly increased the phosphorylation of JNK or Since HOXC10 showed a remarkable effect of MAPK signaling, we also evaluated RAC1 expression, which is involved in the non-classical MAPK pathway and plays a role in metastasis. However, we did not find any significant change.
Discussion
HOX gene products are transcription factors responsible for regulating phenotype cell identity, differentiation, and controlling primary cellular processes (24) . In addition to their function in embryonic development and tissue remodeling, the HOX gene network has been welldescribed as involved in hematopoiesis and leukemogenesis (25) . Recently, inappropriate HOX gene expression has been associated with different neoplasias occurring in kidney, colon, lung, skin, bladder, liver, breast, and prostate. HOXC10, as a member of the HOX gene family, has recently received increased attention due to its important role in tumor development.
In this study, we show that HOXC10 is abnormally upregulated in gastric cancer especially in tissues from gastric cancer patients with lymph node or distal metastasis, suggesting that its expression increased throughout tumor progression. Although more samples are required to verify the connection between the expression of HOXC10 and pathological and stage types of gastric cancer, our results demonstrated the role of HOXC10 for gastric cancer development. Similar results have been reported that elevated HOXC10 expression is associated with increased invasiveness and poor survival outcome in human cervical cancer and thyroid cancer (15,16). HOXC10 is also upregulated following chemotherapy or ionizing radiation in estrogen receptor (ER) negative breast cancer. Then, as a part of the Cdk-activating kinase complex, HOXC10 participates in the late stages of DNA repair that involves restart of transcription for recovery and survival of cancer cells in response to chemotherapy (20) . Thus, our study further highlighted the potential role of HOXC10 as a novel biomarker for human gastric cancer prognosis.
In order to explore how HOXC10 affects the biological functions of gastric cancer cells, we first conducted animal experiments, which showed that high HOXC10 expression could significantly improve the formation of gastric tumors. At a cellular level, high expression of HOXC10 enhanced gastric cancer cell proliferation while low expression decreased their proliferation. As early as 2003, the literature demonstrated that HOXC10 is associated with several transcription factors namely E2F, MyoD, Myc and c-Jun, known to be substrates for the ubiquitin proteasome pathway involved in proliferation control (26) . Recent research showed that up-regulated HOXC10 expression promotes proliferation, invasion, and migration of osteosarcoma cell lines and inhibits their apoptosis (27) . Therefore, we have come to the conclusion that HOXC10 also promotes the proliferation of gastric cancer cells.
In gastric cancer, metastasis is a crucial factor affecting tumor development and prognosis. We further studied the effect of HOXC10 on gastric cancer cell metastasis through invasion and migration assays, discovering that HOXC10 promoted gastric cancer cell metastasis. In our study, HOXC10 has been shown to be involved in tumor progression, including proliferation, migration, and invasion.
Since we discovered that HOXC10 occupies such an important function in gastric cancer cell proliferation and metastasis, a study of its regulatory mechanism was necessary. We first performed a protein array to screen the related pathway. As a result, change in HOXC10 expression affected several signaling pathways. The MAPK signaling pathway is well known for its role in controlling cellular processes such as proliferation, differentiation, and apoptosis (28) . The p38 kinase, ERK, and the stressactivated protein kinase (SAPK)/JNK are the three most thoroughly explored MAPK pathways (29) (30) (31) . Therefore, we focused on MAPK signaling. We evaluated MAPK signaling via western blotting, discovering that HOXC10 increase resulted in the phosphorylation of JNK/ERK/P38. As a consequence of this result, we analyzed the downstream targets that regulate cell proliferation and metastasis such as c-myc, c-jun and p53, and found that these genes were also up-regulated by HOXC10. We also evaluated whether HOXC10 affected the small GTPase modulating cell metastasis; however, the results showed that total RAC1 and active RAC1 were not different between HOXC10 overexpressing cells and control cells.
Conclusions
Overall, our study indicated a key role of HOXC10 in the proliferation and metastasis of gastric cancer cells. Moreover, HOXC10 regulated these biological progresses through MAPK signaling, thus providing useful information for targeted therapy against gastric cancer. Therefore, this more comprehensive understanding of the role of HOXC10 in gastric cancer might contribute to the development of new treatment methods.
